Objective: Depression after hip fracture in older adults is associated with worse physical performance; however, depressive symptoms are dynamic, fluctuating during the recovery period. The study aim was to determine how the persistence of depressive symptoms over time cumulatively affects the recovery of physical performance.
| INTRODUCTION
Depressive symptoms develop in approximately 50% of the many older adults who annually experience a hip fracture, an acute medical event that is associated with excess morbidity and mortality. [1] [2] [3] Research has consistently demonstrated that postfracture depressive symptoms are associated with greater functional disability. [4] [5] [6] [7] [8] Therefore, depressive symptoms are an important sequela and their deleterious impact on functional recovery may account (in part) for why 50-75% of hip fracture patients never regain their prefracture physical function. 1, 7, 9 Depressive symptoms after hip fracture are dynamic, but existing research has largely evaluated the transient effects of depressive symptoms measured at 1 point in time. 8, 10 The relationship ( Figure 1 ) between depressive symptoms and physical performance after hip fracture is likely bidirectional. More specifically, increases in depressive symptoms are associated with worse gait speed, and poor gait speed predicts greater depression severity. 11 In addition to physical performance, depressive symptoms may affect the likelihood of future depressed mood and severity or status of time-varying confounders (eg, cognitive functioning) involved in hip fracture recovery and vice versa. These dynamic interactions may explain why depressive symptoms that persist after hip fracture are associated with significant deficits to physical performance. 4, 5 However, the effects of persistently high levels of depressive symptoms during the recovery period may accumulate over time even after the resolution of depressed mood, a paradigm that has been observed in other musculoskeletal conditions among older adults. 12 The study objective was to evaluate how the persistence of depressive symptoms cumulatively affects the recovery of gait speed after hip fracture. It was hypothesized that persistent postfracture depressive symptoms would be associated with worse gait speed after hip fracture and that the magnitude of the association would increase over time.
2 | METHODS
| Study data and sample
Baltimore Hip Studies 7th cohort (BHS-7) participants were recruited from 2006 to 2011 from 8 participating BHS network hospitals in the Baltimore metropolitan area, and detailed study methodology is available elsewhere. 13, 14 Briefly, protocols were reviewed and approved by the University of Maryland Baltimore Institutional Review
Board and the review boards of participating hospitals. Participants were aged 65 years or older at the time of hospitalization for hip fracture and consented to enroll or had a proxy provide informed consent within 15 days of admission. Exclusion criteria included pathologic fracture, not community dwelling at the time of fracture, non-English speaker, being bedbound for 6 months before fracture, residence of greater than 70 miles from the hospital, weight of more than 300 pounds, not undergoing surgery, and hardware in the nonfractured hip. Participants were evaluated within 22 days of hospital admission (baseline) and at 2-month, 6-month, and 12-month post-admission.
Data were collected by trained research staff and included medical record abstractions, questionnaires, and measures of body composition and functional performance.
A total of 362 hip fracture patients were enrolled (180 male and 182 female). Five participants did not provide data at the baseline or 2-month follow-up visit, and another 18 participants were removed from the analysis sample as a result of an IRB-requested is approximately 0.2 standard deviations and translates to a change in gait speed of 0.03 m/s. 15 Gait speed was both an outcome variable and time-varying confounder.
| Depressive symptoms
Depressive symptoms were measured at baseline and at 2-month, 6-month, and 12-month follow-up using the 20-item Center for Epidemiological Studies Depression (CES-D) Scale. 16 To ensure temporality between exposure and outcome, only CES-D scores at baseline and at 2-month and 6-month postadmission were used, lagged to physical performance assessments at 2-month, 6-month, and 12-month follow-up. Depressive symptoms occur on a continuum such that greater severity is attributed to having a larger number of symptoms. Moreover, the reference timeframe for CES-D items corresponds to how participants felt during the previous week, and diagnostic criteria for major depressive disorder requires the core symptoms of depression to be present for at least 2 weeks. 16, 17 The noted assessment characteristics for measuring depressive symptoms highlight their stability over time, and studies indicate the median time to recovery from major depression ranges from 6 to 12 months, and chronic depressive episodes can last for more than 2 years. 18, 19 Therefore, persistence of depressive symptoms for each participant at each time point was operationalized as a time-averaged severity, reflecting aggregative effects, calculated as the product of exposure intensity and duration. 20 Given the between-visit follow-up variability, depressive symptom exposure was computed as a time-averaged score, and depressive symptom severity was assumed to be constant for each time interval: baseline to 2 months, 2 months to 6 months, and individuals (n = 181) with missing information during follow-up to evaluate differences between those with and without missing data.
| Covariate measures
Marginal structural models (MSMs) are an epidemiologic method explicitly developed to evaluate the cumulative effects of dynamic exposures. 26 Marginal structural models use inverse probability of exposure weights and censoring weights to control for time-dependent confounding and mitigate selective attrition. Marginal structural models yield unbiased estimates conditional on 5 (some untestable) assumptions: exchangeability, positivity, consistency, correct model specification, and no measurement error. 26 Exchangeability implies no unmeasured confounding; positivity assumes that there are both unexposed and exposed persons at all levels of the confounders, and consistency assumes that a subject's observed outcome is their potential outcome under the exposure history they actually had. 27 The analysis was implemented in 2 stages: (1) models predicting the probability of exposure and censoring at each time point and (2) structural models of outcomes fit using weights generated in the first stage. 26 At the first stage, subjects' CES-D scores at baseline and at 2 months and 6 months were categorized by using quantile binning with 10 bins, which has been shown to perform well in practice. 28 Pooled ordinal logistic models were used to estimate the probability of membership to each category conditional on baseline and time-varying confounders.
Time-specific exposure probabilities were cumulatively multiplied across time points to weight an individual's observation at a given visit by the inverse probability of having the exposure history he or she had up until that time point. The inverse of the conditional probability of membership to a given quantile grouping at each time point was stabilized with the estimated exposure probability given time-invariant confounders to improve structural outcome model estimation efficiency. 26 Censoring weights were calculated in a similar manner to the exposure weights and accounted for selective survival. 26 The final weights were the cross product of the exposure weights and censoring weights at each time point.
In the second stage, weighted linear models were used to 
| RESULTS
The distributions of covariate values were similar between depressed and nondepressed participants at study enrollment across multiply imputed datasets (Table 1 (Table S1 ).
The point estimate (Table 2) (Table 3) . Despite the heterogeneity, neither the time-specific associations nor interaction (P = .300) between time-averaged depressive symptom scores and visit were statistically significant.
Sensitivity analyses using generalized estimating equations across multiply imputed datasets generally yielded similar estimates (Table S2) and time trends compared to the main results. Notably, the main effect across all time intervals was statistically significant, and differences between the time-specific associations were smaller in magnitude.
Findings from generalized estimating equations applied in the context of a complete case analysis, consisting of 182 participants with 386 observations with complete data, produced estimates (Table S3) comparable to the primary results for the main effect and time-specific associations at 2 and 6 months but not 12 months. respect to 6-month gait speed, when hip fracture patients experience the largest improvements in physical function. 2, 15 These data support previous BHS research findings that demonstrated the presence of depressive symptoms 2 months after hip fracture was associated with clinically significant, smaller improvements in physical performance, when compared to nondepressed individuals at 12-month follow-up. 8 Experiencing a catastrophic medical event, like hip fracture, may create vulnerability and a loss of self-control among older adults, and optimal psychosocial functioning is integral to achieving ideal rehabilitation outcomes. 29 Thus, routine screening to diagnose persistent depressive symptoms after hip fracture may be useful in identifying individuals in this vulnerable population who are at risk of poor functional recovery. 30 Through the appropriate recognition of depressive symptoms that remain unresolved, it is possible to initiate treatment early during the postfracture recovery period, when patients are most susceptible to being adversely affected by mood disorders.
Depression affects biological, psychological, and behavioral processes, and several mechanisms could account for the negative effects of persistent depressive symptoms on functional recovery after hip fracture. For example, increases in inflammation after hip fracture that are of consequence of depression could cause greater hip pain and indirectly lead to decreases in post-fracture gait speed. 6, 10, 31 Alternatively, depression is associated with painful emotional states (eg, negative affect) and may decrease patients' self-efficacy and affect their adherence and compliance to medical care during the rehabilitation process. [32] [33] [34] There is also a strong physical activity component to depression, and behavioral patterns that develop during extended periods of depressed mood could result in greater sedentary activity after hip fracture and have adverse effects on body composition and gait speed. 11, 35 However, neither the marginal or time-specific associations were statistically significant in the current study, and it is possible that the magnitude of effect of persistent depressive symptoms on gait speed over time is not large enough to detect using the BHS-7 study sample. In addition, the use of multiple imputation and inverse probability weighting are known to increase variation, and therefore, decrease statistical power. 
